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PATENT 

Attorney Docket No.: 0151 14-054910US 
Client Reference No.: A722 



ON-CHIP IMPEDANCE MATCHING CIRCUIT 

CROSS-REFERENCES TO RELATED APPLICATIONS 
[01] This application claims the benefit of U.S. Provisional Patent AppHcation No. 
60/315,965, filed August 29, 2001, which is hereby incorporated by reference herein. 



BACKGROUND OF THE INVENTION 
[02] The present invention relates to on-chip impedance matching circuits, and more 
particularly, to on-chip impedance matching circuits that are sensitive to process, voltage, and 
1 0 temperature variations. 

[03] Prior art circuits have provided off-chip impedance matching circuits that reduce the 
O reflection of signals on transmission hnes. Off-chip impedance matching circuits typically 
% include one or more off-chip resistors. The off-chip resistors are coupled to an input/output 
=F (I/O) pin of an integrated circuit to provide impedance matching, 
rt 5 [04] Some integrated circuit have hundreds of I/O pins that require impedance matching 
^ * circuitry. In these integrated circuits, a separate impedance matching resistor must be 
O coupled to each of the I/O pins. Hundreds of impedance matching resistors must be coupled 
L to such an integrated circuit to provide adequate impedance matching. Thus, prior art off- 
^ chip impedance matching circuits substantially increase the amount of board space required. 

s : 

mo 

BRIEF SUMMARY OF THE INVENTION 
[05] The present invention provides integrated circuits with on-chip impedance matching 
techniques, which greatly reduce the number of off-chip resistors that are coupled to the 
integrated circuit. On-chip impedance matching circuits of the present invention are 

25 associated with a plurality of I/O pins on an integrated circuit. Circuitry of the present 
invention may include a resistor divider that has a resistor and an on-chip transistor. The 
resistance of the on-chip transistor and a voltage output signal of the resistor divider vary 
with process, temperature, and voltage of the integrated circuit. The effective channel W/L 
ratio of the impedance matching circuit changes in response to the voltage output signal of 

30 the resistor divider, so that changes in the impedance of the impedance matching circuit 



BRIEF DESCRIPTION OF THE DRAWINGS 
[06] FIG. 1 is diagram of a digital system with a programmable logic integrated circuit; 
[07] FIG. 2 is a diagram showing an architecture of a programmable logic integrated 
circuit; 

[08] FIG. 3 is a simplified block diagram of a logic array bloclc (LAB); 

[09] FIG. 4 shows an architecture of a programmable logic integrated circuit with 

embedded array blocks (EABs); 

[10] FIG. 5 shows an architecture of a programmable logic integrated circuit with 
megaLABs; 

[11] FIGS. 6A-6C is a schematic illustrating various integrated circuits that have on-chip 
impedance matching circuits, in accordance with the present invention; 
[12] FIG. 7 is a schematic illustrating an embodiment of an on-chip impedance matching 
circuit, in accordance with the present invention; 

[13] FIG. 8 is a schematic illustrating an embodiment of an analog-to-digital converter for 
use with an on-chip impedance matching circuit, in accordance with the present invention; 
and 

[14] FIG. 9 is a schematic illustrating an embodiment of a digital encoder circuit for use 
with an on-chip impedance matching circuit, in accordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[01] FIG. 1 shows a block diagram of a system within which the present invention may be 
embodied. The system may be provided on a single board, on multiple boards, or even 
within multiple enclosures. FIG. 1 illustrates a system 101 in which a programmable logic 
device 121 may be utilized. Programmable logic devices are sometimes referred to as a 
PALs, PLAs, FPLAs, PLDs, CPLDs, EPLDs, EEPLDs, LCAs, or FPGAs and are well-known 
integrated circuits that provide the advantages of fixed integrated circuits with the flexibility 
of custom integrated circuits. Such devices allow a user to electrically program standard, 
off-the-shelf logic elements to meet a user's specific needs. Programmable logic devices are 
currently represented by, for example, Altera's MAX®, FLEX®, and APEX'^^ series of 
PLDs. Programmable logic integrated circuits and their operation are well known to those of 
skill in the art. 

[16] In the particular embodiment of FIG. 1, a processing unit 101 is coupled to a memory 
105 and an I/O 111 and incorporates a programmable logic device (PLD) 121. PLD 121 may 
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connection 135. The system may be a progranmied digital computer system, digital signal 
processing system, specialized digital switching network, or other processing system. 
Moreover, such systems may be designed for a wide variety of applications such as, merely 
by way of example, telecommunications systems, automotive systems, control systems, 
5 consumer electronics, personal computers, and others. 

[17] Processing unit 101 may direct data to an appropriate system component for 
processing or storage, execute a program stored in memory 105 or input using I/O 1 1 1, or 
other similar function. Processing unit 101 may be a central processing unit (CPU), 
microprocessor, floating point coprocessor, graphics coprocessor, hardware controller, 
10 microcontroller, programmable logic device programmed for use as a controller, or other 
processing unit. Furthermore, in many embodiments, there is often no need for a CPU. For 
example, instead of a CPU, one or more PLDs 121 may control the logical operations of the 
^ system. In some embodiments, processing unit 101 may even be a computer system. 
O Memory 105 may be a random access memory (RAM), read only memory (ROM), fixed or 
J5 flexible disk media, PC Card flash disk memory, tape, or any other storage retrieval means, 
^ or any combination of these storage retrieval means. PLD 121 may serve many different 
m purposes within the system in FIG. 1 . PLD 121 may be a logical building block of 
p processing unit 101, supporting its intemal and extemal operations. PLD 121 is programmed 
H= to implement the logical functions necessary to carry on its particular role in system 
|20 operation. 

^ [18] FIG. 2 is a simplified block diagram of an overall intemal architecture and 

organization of PLD 121 of FIG. 1. Many details of PLD architecture, organization, and 
circuit design are not necessary for an understanding of the present invention and such details 
are not shown in FIG. 2. 

25 [19] FIG. 2 shows a six-by-six two-dimensional array of thirty-six logic array blocks 

(LABs) 200. LAB 200 is a physically grouped set of logical resources that is configured or 
programmed to perform logical functions. The intemal architecture of a LAB will be 
described in more detail below in connection with FIG. 3. PLDs may contain any arbitrary 
number of LABs, more or less than shown in PLD 121 of FIG. 2. Generally, in the future, as 

30 technology advances and improves, programmable logic devices with greater numbers of 
logic array blocks will undoubtedly be created. Furthermore, LABs 200 need not be 
organized in a square matrix or array; for example, the array may be organized in a five-by- 
seven or a twenty-by-seventy matrix of LABs. 
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[20] LAB 200 has inputs and outputs (not shown) which may or may not be programmably 
connected to a global interconnect structure, comprising an array of global horizontal 
interconnects (GHs) 210 and global vertical interconnects (GVs) 220. Although shown as 
single Hnes in FIG. 2, each GH 210 and GV 220 line may represent a plurality of signal 
5 conductors. The inputs and outputs of LAB 200 are programmably connectable to an 
adjacent GH 210 and an adjacent GV 220. Utilizing GH 210 and GV 220 interconnects, 
multiple LABs 200 may be connected and combined to implement larger, more complex 
logic functions than can be realized using a single LAB 200. 
[21] In one embodiment, GH 2 1 0 and GV 220 conductors may or may not be 
10 programmably connectable at intersections 225 of these conductors. Moreover, GH 210 and 
GV 220 conductors may make multiple connections to other GH 210 and GV 220 
conductors. Various GH 210 and GV 220 conductors may be programmably connected 

1== 

^ together to create a signal path from a LAB 200 at one location on PLD 121 to another LAB 
a 200 at another location on PLD 12 1 . A signal may pass through a plurality of intersections 
J5 225. Furthermore, an output signal from one LAB 200 can be directed into the inputs of one 
g or more LABs 200. Also, using the global interconnect, signals from a LAB 200 can be fed 
m back into the same LAB 200. In specific embodiments of the present invention, only selected 
Q GH 2 1 0 conductors are programmably connectable to a selection of GV 220 conductors. 
H Furthermore, in still further embodiments, GH 2 1 0 and GV 220 conductors may be 
0) specifically used for passing signal in a specific direction, such as input or output, but not 
both. 

I ij 

[22] In other embodiments, the programmable logic integrated circuit may include special 
or segmented interconnect that is connected to a specific number of LABs and not necessarily 
an entire row or column of LABs. For example, the segmented interconnect may 

25 programmably connect two, three, four, five, or more LABs. 

[23] The PLD architecture in FIG. 2 further shows at the peripheries of the chip, input- 
output drivers 230. Input-output drivers 230 are for interfacing the PLD to extemal, off-chip 
circuitry. FIG. 2 shows thirty-two input-output drivers 230; however, a PLD may contain 
any number of input-output drivers, more or less than the number depicted. Each input- 

30 output driver 230 is configurable for use as an input driver, output driver, or bidirectional 
driver. In other embodiments of a programmable logic integrated circuit, the input-output 
drivers may be embedded with the integrated circuit core itself This embedded placement of 
the input-output drivers may be used with flip chip packaging and will minimize the 
parasitics of routing the signals to input-output drivers. 
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[24] FIG. 3 shows a simplified block diagram of LAB 200 of FIG. 2. LAB 200 is 
comprised of a varying number of logic elements (LEs) 300, sometimes referred to as "logic 
cells," and a local (or internal) interconnect structure 310. LAB 200 has eight LEs 300, but 
LAB 200 may have any number of LEs, more or less than eight. 
5 [25] A general overview of LE 300 is presented here. LE 300 is the smallest logical 

building block of a PLD. Signals extemal to the LAB, such as from GHs 210 and GVs 220, 
are programmably connected to LE 300 through local interconnect structure 310. In one 
embodiment, LE 300 incorporates a function generator that is configurable to provide a 
logical function of a number of variables, such a four- variable Boolean operation. As well as 
10 combinatorial functions, LE 300 also provides support for sequential and registered functions 
using, for example, D flip-flops. 

[26] LE 300 provides combinatorial and registered outputs that are connectable to the GHs 
^ 210 and GVs 220, outside LAB 200. Furthermore, the outputs from LE 300 may be 
Q intemally fed back into local interconnect structure 3 1 0; through local interconnect structure 
J5 3 10, an output from one LE 300 may be programmably connected to the inputs of other LEs 
^ 300, without using the global interconnect structure's GHs 210 and GVs 220. Local 
Hi interconnect stmcture 3 1 0 allows short-distance interconnection of LEs, without utilizing the 
^ limited global resources, GHs 2 1 0 and GVs 220. 

H [27] FIG. 4 shows a PLD architecture similar to that in FIG. 2. The architecture in FIG. 4 
0) further includes embedded array blocks (EABs). EABs contain user memory, a flexible block 
^ of RAM. FIG. 5 shows a further embodiment of a programmable logic integrated circuit 
architecture. FIG. 5 only shows a portion of the architecture. The features shown in FIG. 5 
are repeated horizontally and vertically as needed to create a PLD of any desired size. In this 
architecture, a number of LABs are grouped together into a megaLAB. In a specific 
25 embodiment, a megaLAB has sixteen LABs, each of which has ten LEs. There can be any 
number of megaLABs per PLD. A megaLAB is programmably connected using a megaLAB 
interconnect. This megaLAB interconnect may be considered another interconnect level that 
is between the global interconnect and local interconnect levels. The megaLAB interconnect 
can be programmably connected to GVs, GHs, and the local interconnect of each LAB of the 
30 megaLAB. Compared to the architecture of FIG. 2, this architecture has an additional level of 
interconnect, the megaLAB interconnect. In a specific implementation, a megaLAB also 
includes an embedded system block (ESB) to implement a variety of memory functions such 
as CAM, RAM, dual-port RAM, ROM, and FIFO functions. 
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[28] Three embodiments of on-chip impedance matching circuits of the present invention 
are illustrated in FIGS. 6A-6C. An integrated circuit 10 shown in FIG. 6A includes buffers 
1 1 and 12, which each have outputs coupled to input/output (I/O) pins 15 and 16, 
respectively. Buffers 1 1 and 12 buffer signals received at and transmitted to pins 15 and 16. 
Each of buffers 1 1 and 12 includes an inverter. The inverters each have a p-channel and an 
n-channel field-effect transistors coupled in series between a power supply and ground. 
Integrated circuit 10 may be, for example, a programmable logic device, an application 
specific integrated circuit (ASIC), a memory circuit, or a microprocessor. 
[29] In prior art circuits, off-chip resistors 13 and 14 are used to provide impedance 
matching at pins 15 and 16, respectively. Resistor 13 is coupled between pin 15 and a supply 
voltage in parallel with a first signal line. Resistor 14 is coupled between pin 16 and ground 
in parallel with a second signal line. 

[30] Using techniques of the present invention, off-chip resistors 13 and 14 can be replaced 
with on-chip impedance matching circuits 21 and 22, respectively. Impedance matching 
circuit 21 is coupled between pin 15 and a power supply inside integrated circuit 20 as shown 
in FIG. 6 A. Impedance matching circuit 22 is coupled between pin 16 and ground inside 
integrated circuit 20 as shown in FIG. 6 A. Impedance matching circuits 21 and 22 are 
coupled in parallel with signal lines that are coupled to pins 15 and 16, respectively. 
Impedance matching circuits 21 and 22 reduce the reflection of signals on signal lines that are 
coupled to pins 15 and 16, respectively. Further details of on-chip impedance matching 
circuits are discussed below. 

[31] An integrated circuit 30 shown in FIG. 6B includes buffer circuit 31, which is coupled 
to I/O pin 32. Buffer circuit 31 also includes a p-channel and an n-channel field-effect 
transistors coupled between a supply voltage and ground. In prior art circuits, off-chip 
resistor 33 is used to provide impedance matching. Resistor 33 is coupled in series between 
pin 32 and a signal line. 

[32] Using techniques of the present invention, off-chip resistor 33 can be replaced with 
on-chip impedance matching circuits 41 and 42. Impedance matching circuit 41 is coupled 
between an on-chip power supply source and buffer circuit 31 in integrated circuit 40, 
Impedance matching circuit 42 is coupled between ground and buffer circuit 3 1 in integrated 
circuit 40. Impedance matching circuit 41 is coupled in series with a signal line coupled to 
pin 33 when the p-channel transistor of buffer 31 is ON. Impedance matching circuit 42 is 
coupled in series with a signal line coupled to pin 33 when the n-channel transistor of buffer 



3 1 is ON. Impedance matching circuits 41 and 42 reduce the reflection of signals on a signal 
line coupled to pin 33. 

[33] An integrated circuit 50 shown in FIG. 6C includes buffer circuit 5 1 , which is coupled 
to I/O pin 52. Buffer circuit 51 also includes a p-channel and an n-channel.field-eflfect 
transistors coupled between a supply voltage and ground. In prior art circuits, off-chip 
resistors 53 and 54 are used to provide impedance matching. Resistor 53 is coupled in series 
between pin 52 and a signal line. Resistor 54 is coupled in parallel between the signal line 
and a supply voltage. 

[34] Using techniques of the present invention, off-chip resistors 53 and 54 can be replaced 
with on-chip impedance matching circuits 61-63. Impedance matching circuit 63 is coupled 
between pin 52 and a supply voltage. On-chip impedance matching circuit 63 replaces 
resistor 54. Impedance matching circuit 61 is coupled between a supply voltage and buffer 
51, and impedance matching circuit^62 is coupled between buffer 51 and ground. On-chip 
impedance matching circuits 61-62 replace resistor 53. 

[351 FIG. 7 illustrates an embodiment of an on-chip impedance matching circuit of the 
present invention. Impedance control circuit 100 includes reference resistor 151, field effect 
transistor (FET) 102, analog-to-digital converter 103, digital encoder circuit 104, and on-chip 
impedance matching circuit 150. Reference resistor 151 is coupled between a supply voltage 
Vcc and an input to analog-to-digital converter 103. Transistor 102 is coupled between the 
input of analog-to-digital converter 103 and ground. The gate terminal of transistor 102 is 
coupled to voltage source Vq. Voltage source Vd controls the current through transistor 102 
and the resistance between the drain and the source of transistor 102 (Rds) when transistor 
102 is ON. Transistor 102 may operate in the linear region or in the saturation region. 
[36] Reference resistor 1 5 1 maybg^ off-chip resistor that is coupled to a pin of the 
integrated circuit. Resistor l^>f{i^ be a precision resistor. Transistor 102 is an on-chip 
transistor. The ON re^^tdJice (Rds) of on-chip transistor 151 varies with the temperature of 
the integrated circjjtfffthe process techniques used to fabricate the integrated circuit, and 
variations in^iesupply voltage Vcc and voltage source Vd- 

[37] Reference resistor 1 5 1 and transistor 1 02 form a voltage divider that has a voltage 
output signal Vx. Vx is proportional to the resistance ratio of resistor 151 and the Rds of 
transistor 102 according to the following equation: 



[381 The voltage output signal Vx is indicative of the resistance (Rds) of transistor 102 and 
the resistance R151 of resistor 151. Voltage output signal Vx varies as the resistance of 
transistor 102 changes with variations in chip process, temperature, and voltage. Voltage 
output signal Vx is provided to an input of analog-to-digital converter 103. 
5 [39] A detailed schematic of an embodiment of analog-to-digital (A-to-D) converter 103 is 
shown in FIG. 8. Circuit 103 shown in FIG. 8 is merely an example 9f an A-to-D converter 
that can be used with the present invention. Other suitable A-to-D converters that are well 
known in the art may be used instead. 

[40] A-to-D converter 103 comprises fifteen comparators 122 and sixteen resistors 123. 
10 Voltage signal Vx is coupled to the non-inverting input terminals of each of comparators 122. 
Resistors 123 are coupled in series between supply voltage Vcc and ground. The inverting 
^ input terminals of comparators 122 are coupled between two of resistors 123 as shown in 
g FIG. 8. The fifteen output signals of fifteen comparators 122 are Vxi-Vxis. The output 
^ terminals of comparators 122 are coupled to a bus line 125 that comprises at least 15 signal 
1^5 lines for output signals Vxi-Vxis- 

Jt;" [41] Resistors 1 23 comprise a resistor divider that determines a threshold voltage at the 

inverting inputs of each of comparators 122. When voltage signal Vx is greater than the 
jl threshold voltage of one of comparators 1 22, the output signal of that comparator is pulled up 
^ to Vcc (i.e., a logic HIGH). When voltage signal Vx is less than the threshold voltage of one 
0) of comparators 122, the output signal of that comparator is pulled to ground (i.e., a logic 

LOW). Thus, the output signals Vxi-Vxis of comparators 122 comprise 15 HIGH or LOW 
logic signals. 

[42] The resistance of resistors 123 may be selected, for example, using the ratios shown in 
FIG. 8 with respect to a resistance R. The resistor ratios in FIG. 8 are shown for purposes of 

25 illustration. Other resistor values and ratios may be selected. 

[43] The ratios of resistors 123 and voltage signal Vx determine which of output signals 
Vxi-Vxi5 are HIGH and which of output signals Vxi-Vxis are LOW. Voltage signal Vx 
varies when changes in temperature, voltages, and process fabrication techniques cause 
changes in the Rds resistance of transistor 102 over time and from chip-to-chip. As voltage 

30 signal Vx changes, the values of output signals Vxi-Vxis may change. 

[44] The example resistor ratios shown in FIG. 8 may be used as an illustration, as is now 
discussed. The resistance of all of resistors 123 adds up ICR. Thus, if Vx is greater than 
(1.1 l/10)Vcc but less than (1.11+ 0.89)Vcc/10, then output signal Vxi is HIGH, and output 
signals Vx2-Vxi5 are LOW. If Vx rises above (1.11 + 0.89 + 0.73)Vcc/10, but is less than 

8 



(1.11 + 0.89 + 0.73 + 0.61)Vcc/10, then output signals Vxi-Vx3 are HIGH, and output signals 
Vx4-Vxi5 are LOW. 

[45] Signals Vxi-Vxis are transmitted along bus line 125 to digital encoder 104. Digital 
encoder 104 converts the fifteen signals Vxi-Vxis on bus line 125 to a four bit binary code on 
bus line 161 . Output voltage signals Vbo, Vbi, Vb2, and Vaa represent the four bit binary 
code. Bus line 161 includes at least four signal lines, one for each bit. 
[46] An embodiment of digital encoder 104 is shown in FIG. 9. Digital encoder 104 is 
merely an example of a digital encoder that can be utilized in the present invention. Other 
digital encoders that convert a plurality of signals to a digital binary code, which are well 
known in the art, can be used instead. 

[47] Digital encoder 104 includes, a plurality logic gates including inverters, NOR gates, 
and NAND gates, whigj*€et^ine the value of the binary code on bus line 161. The four bit 
binary code at^gi^ial line 161 has sixteen different states. Fifteen of the sixteen possible 
statesai;p^icative of unique values for signals Vxi-Vxi5. The binary code 0000 is not used, 
bj^^use it would cause all of transistors 106-109 to be OFF. 

[48] As an example, if Vxi-Vx3 are HIGH, and Vx4-Vxi5 are LOW, then the four bit code 
[Vb3, Vb2, Vbi, Vbo] on signal line 161 is 0011. When Vx3 is HIGH and Vx4 is LOW, the 
output signal of NAND gate 132 is LOW, causing the output signals of NAND gates 133 and 
134 to go HIGH and Vbo and Vbi to go HIGH. Vb2 and ¥33 are LOW as long as Vx4-Vxi5 
are LOW. 

[49] As another example, if Vxi -Vxs are HIGH, and Vxe- Vxi 5 are LOW, then the four bit 
code [Vb3, Vb2, Vbi, Vbo] on signal line 161 is 0101. When Vxs is HIGH and Vx6 is LOW, 
the output signal of NAND gate 141 is LOW, causing the output signals of NAND gates 142 
and 143 to go HIGH and Vbo and Vb2 to go HIGH. Vbi and Vb3 are LOW. 
[50] On-chip impedance matching circuit 150 includes four field-effect transistors 106, 
107, 108, and 109 coupled in parallel. The drain terminals of transistors 106-109 are coupled 
to one of the I/O pins of the integrated circuit, and the source terminals of transistors 106-109 
are coupled to ground. The gate of transistor 106 is coupled to receive signal Vb3 on bus 161. 
The gate of transistor 107 is coupled to receive signal Vb2 on bus 161. The gate of transistor 
108 is coupled to receive signal Vbi on bus 161. The gate of transistor 109 is coupled to 
receive signal Vbo on bus 161. 

[51 ] An integrated circuit preferably comprises a plurality of impedance matching circuits 
150. Each of the impedance matching circuits 150 are associated with one of the 
input/output (I/O) pins on the integrated circuit. An integrated circuit may contain as many 



(or more) impedance matching circuits 150 as there are I/O pins on the chip, wherein each of 
the impedance circuits 150 is associated with one of the I/O pins on the integrated circuit. 
Only one impedance matching circuit 150 is shown in FIG. 7 to avoid over-complicating the 
drawing. Thus, bus line 161 can drive multiple the impedance matching circuits on the same 
5 chip. 

[52] FIGS. 6A-6C illustrate examples of configurations for impedance matching circuit 
150. Impedance matching circuit 150 can be coupled to an I/O pin or to an I/O buffer as 
shown in FIGS. 6A-6C with respect to the configuration of impedance matching circuits 21, 

22, 41, 42, 61, 62, and 63. Transistors 106-109 may be coupled in parallel between an I/O 
0 pin and ground, as shown with respect to circuit 22 in FIG. 6A, or between Vcc and an I/O 

pin, as shown with respect to circuits 21 and 63. Alternatively, transistors 106-109 may be 

coupled between ground or Vcc and a buffer circuit that is coupled to an I/O pin, as shown 

with respect to circuits 41, 42, 61, and 62 in FIGS. 6B-6C. 

[53] Field-effect transistors 106-109 have channel width-to-length (W/L) aspect ratios that 
are sized in proportion to the channel width-to-length (W/L) aspect ratio of field-effect 
transistor 102. For example, in the embodiment shown in FIG. 7, transistor 106 has a W/L 
ratio that is equal to the W/L ratio of transistor 102. Transistor 107 has a W/L ratio that is 
one-half the W/L ratio of transistor 102. Transistor 108 has a W/L ratio that is one-quarter 
the W/L ratio of transistor 102. Transistor 109 has a W/L ratio that is one-eighth the W/L 
ratio of transistor 102. 

[54] The binary bit code represented by signals Vb3, Vb2, Vb, , and Veo determines which 
of transistors 106-109 are ON and which of transistors 106-109 are OFF. A logic HIGH at 
the gate of one of transistors 106-109 causes that transistor to be ON, and a logic LOW at the 
gate of one of transistors 106-109 causes that transistor to be OFF. The effective W/L ratio 
of impedance matching circuit 150 is determined by the transistors 106-109 that are ON. 
Therefore, the binary code represented by signals [Vb3. Vb2, Vb,, Vbo] determines the 
effective W/L ratio impedance matching circuit 150. 

[55] For example, if signals [Vea, Vb2, Vbi , Vbo] represent binary code 1 001 , then 
transistors 106 and 109 are ON, and transistors 107-108 are OFF. In this case, the effective 
W/L ratio of impedance circuit 150 is 1 '/s times the W/L ratio of transistor 102. If signals 
[Vb3, Vb2, Vbi, Vbo] represent binary code 0111, then transistors 107-109 are ON, and 
transistor 106 is OFF. In this case, the effective W/L ratio of impedance circuit 150 is '/s + 
+ i4 = Vt times the W/L ratio of transistor 1 02. 
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[56] The W/L ratio of impedance circuit 1 50 determines the effective impedance of 
impedance matching circuit 150. As the effective W/L ratio of transistors 106-109 increases, 
the effective impedance of circuit 150 decreases. As the effective W/L ratio of transistors 
106-109 decreases, the effective impedance of circuit 150 increases. 

[57] The Rds ON resistance of transistor 102 determines the value of the binary code [Vb3, 
Vb2, Vbi, Vbo] on bus 161. The Rds resistance of transistor 102 is sensitive to changes in the 
temperature of the integrated circuit, voltage changes, and process variations. Thus, as the 
resistance Rds of transistor 102 changes, the values of signals Vxi-Vxi5 on bus 125 and the 
values of signals [Vb3, Vb2, Vbi, Vbo] on bus 161 may also change. 
[58] The Rds resistance of transistors 1 06- 1 09 also changes with variations in process, 
temperature, and/or voltage, causing the effective impedance of circuit 150 to change. The 
resistance ratios of resistors 123 are selected so that the effective W/L ratio of circuit 150 
compensates for changes in the Rds of transistors 106-109 caused by process, temperature, 
and voltage variations. As the Rds ON resistance of transistor 102 varies with process, 
temperature, and/or voltage, the effective W/L ratio of impedance matching circuit 150 may 
also change according to the bit sequence of binary signals [Vbs. Vb2. Vb,, Vbo] in order to 
minimize changes in the effective impedance of circuit 150. 

[59] For example, if the temperature of the integrated circuit increases and the Rds ON 
resistance of transistor 102 increases with temperature, voltage signal Vx increases. Signal 
Vx may eventually increase enough to cause more of output signals Vxi-Vxis go HIGH. The 
bit sequence of binary signals [Vb3, Vb2, Vb,, Vbo] also changes causing different ones of 
transistors 106-109 to be ON or OFF so that the effective W/L ratio of impedance circuit 150 
increases. 

[60] For example, if the bit sequence of binary signals [Vb3, Vb2, Vb,, Vbo] is 1000. then 
transistor 106 is ON and transistors 107-109 are OFF. The effective impedance of circuit 150 
is determined by an effective W/L ratio of 1 times the W/L ratio of transistor 102. If the ON 
resistance of transistor 102 increases suflBciently such that the bit sequence of binary signals 
[Vb3, Vb2. Vbi. Vbo] changes to 1001, transistors 106 and 109 are ON and transistors 107-108 
are OFF. The effective impedance of circuit 150 is now determined by an effective W/L ratio 
ofV/s times the W/L ratio of transistor 102. 

[61] Therefore, the effective channel W/L ratio of impedance circuit 150 is proportional to 
the Rds resistance of transistor 102. This relationship is designed to compensate for 
variations m the Rds resistance of transistors 106-109 to minimize changes in the matching 
impedance provided by circuit 150. For example, process, temperature, and/or voltage 
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variations that cause the Rds resistance of transistor 102 to increase, also cause the Rds 
resistance of transistors 106-109 to increase. In this case, circuit 100 increases the effective 
channel W/L ratio of impedance matching circuit 150 to maintain the effective impedance of 
circuit 150 substantially constant. When temperature, process, and/or voltage variations 
cause the Rds resistance of transistor 102 to decrease, the Rds resistance of transistors 106- 
109 also decreases. In this case, circuit 100 decreases the effective channel W/L ratio of 
circuit 150 to maintain the effective impedance of circuit 150 substantially constant. 
(621 Thus, the impedance of impedance matching circuit 1 50 at each I/O pin is 
substantially less sensitive to variations in temperature, voltages, and processes. This 
advantage is achieved without having to connect external off-chip impedance matching 
resistors at each of the I/O pins on the integrated circuit. Only single off-chip resistor 151 (or 
alternatively, a small number of off-chip resistors) is connected to the integrated circuit to 
achieve impedance matching for multiple I/O pins that is less sensitive to process, 
temperature, and voltage variations. The techniques of the present invention therefore 
provide impedance matching while using substantially less board space than prior art 
techniques that require connecting an off-chip resistor to each I/O pin. 
[63] In a further embodiment of the present invention, an impedance matching circuit may 
include more or less than the four transistors 106-109 shown in FIG. 7. For example, an 
impedance matching circuit may include five transistors coupled in parallel that have channel 
W/L ratios that are 2, 1, '/z, 'A, and V% times the channel W/L ratio of transistor 102, 
respectively. As another example, an impedance matching circuit may include five 
transistors coupled in parallel that have channel W/L ratios that are 1, V2, 'A,, % , and. 1/1 6 
times the channel W/L ratio of transistor 1 02. 

[64] In these examples, binary signals Vb3, Vb2, Vbi, and Vao drive transistors 106-109 as 
with the embodiment of FIG. 7, and a fifth binary signal drives the fifth transistor. A switch 
circuit may be provided between the fifth binary signal that drives the gate of the fifth 
transistor in the impedance matching circuit. The switch circuit enables or disables the fifth 
transistor for certain FO pins in response to user input, at specified times, or under certain 
operating conditions. 

[65] Adding a fifth transistor that has 1/16 times the W/L ratio of transistor 102 provides 
added impedance matching resolution. Adding a fifth transistor that has 2 times the W/L 
ratio of transistor 102 provides a wider range of impedance matching (i.e., between % and 3% 
W/L ratio). As another example, an impedance matching circuit may contain only three 
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transistors coupled in parallel with W/L ratios such as 1, %, and Vs, or 1, «/2, and 'A times the 
W/L ratio of transistor 102. 

[661 In a further embodiment, the I/O pins on an integrated circuit may be coupled to 
impedance matching circuits that have different numbers of transistors. For example, one I/O 
pin may have an impedance matching circuit tiiat has five transistors coupled in parallel, 
while the other I/O pins on the integrated circuit each have an impedance matching circuit 
with only four transistors coupled in parallel. In still further embodiments, field-effect 
transistors 102, and 106-109 can be substituted with bipolar junction transistors. In still a 
further embodiment, the digital encoder may be eliminated so that an analog-to-digital 
converter provides output signals directly to the impedance matching circuits. 
[67] While the present invention has been described herein with reference to particular 
embodiments thereof, a latitude of modification, various changes and substitutions are 
intended in the foregoing disclosure, and it will be appreciated that in some instances some 
features of the invention will be employed without a corresponding use of other features 
without departing fi-om the scope of the invention as set forth. Therefore, many 
modifications may be made to adapt a particular situation or material to the teachings of the 
invention without departing fi-om the essential scope and spirit of the present invention. It is 
intended that the invention not be limited to the particular embodiment disclosed as the best 
mode contemplated for carrying out this invention, but that the invention will include all 
embodiments and equivalents falling within the scope of the claims. 
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